Abstract-Metals and polycyclic aromatic hydrocarbons (PAHs) are known to be toxic to plants. Because metals and PAHs often are cocontaminants in the environment, plants can be subjected to damage caused by their combined effects. We recently found that copper and an oxygenated PAH (1,2-dihydroxyanthraquinone [1,2-dhATQ]) synergistically are toxic to plants. This synergistic toxicity was linked indirectly to production of reactive oxygen species (ROS). In this study, plant growth, chlorophyll pigments, protein accumulation, and ROS production were chosen as endpoints to assess the mechanism of toxicity of copper and 1,2-dhATQ to Lemna gibba in more detail. Because copper and PAHs can generate ROS, we assayed for specific antioxidant enzymes: Superoxide dismutase (SOD), glutathione reductase (GR), and ascorbate peroxidase (APX). Copper treatment at a concentration that did not cause growth inhibition resulted in upregulation of Mn SOD, Cu-Zn SOD, and APX. At a level that moderately was toxic to plants, 1,2-dhATQ did not alter significantly the levels of these antioxidant enzymes. However, a synergistically toxic mixture of copper plus 1,2-dhATQ upregulated Cu-Zn SOD, Mn SOD, and GR, although APX activity was downregulated. When plants were treated with the ROS scavenger dimethyl thiourea (DMTU), enhanced toxicity and formation of ROS caused by the mixture both were diminished substantially. However, 1,2-dhATQ toxicity was not affected significantly by DMTU. Based on this study, the toxicity caused by the mixture of copper plus 1,2-dhATQ directly can be connected to elevated levels of ROS.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) and metals are two groups of chemical contaminants that are damaging to plants, animals, and microbes [1] [2] [3] [4] [5] . Many environments, especially industrialized areas, often contain metals along with the other contaminants including PAHs [6, 7] . Thus, plants exposed to these conditions are at high risk from multiple stressors.
Although copper is an essential micronutrient, it can become toxic to plants beyond a threshold concentration [8] . In addition, copper is a redox-active metal, known to generate reactive oxygen species (ROS) [4, 9, 10] . For instance, copper has been shown to cause damage to proteins, nucleic acids, lipids, and the photosynthetic apparatus in plants [10] [11] [12] [13] . The damage to these macromolecules and photosynthesis, at least in part, has been connected to copper-mediated formation of ROS [10] [11] [12] [13] . Copper-induced formation of ROS also has been shown to cause apoptosis or programmed cell death in plants [14] , as well as induce acclimation via ROS signaling [13] .
Polycyclic aromatic hydrocarbons are another class of environmental contaminants that are toxic to plants [10, 15, 16] . The harmful effects of PAHs on plants also can involve ROS mechanisms. For instance, photosensitization of PAHs by solar ultraviolet radiation is known to cause toxicity via formation of ROS [10, 15, 17] . As well, photooxidation of PAHs increases their toxicity to plants, partly due to inhibition of photosynthesis [10, 15] . In animal systems, oxidation of PAHs by endogenous enzymes has been reported to generate ROS [18] .
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Thus, like copper, PAHs can cause damage to plants and other organisms via ROS pathways.
Because PAHs and metals often are present together in contaminated environments, it is imperative to study the effects of mixtures of these contaminants on plants. For example, we recently have examined the impacts of mixtures of copper and the anthracene photooxidation product 1,2-dihydroxyanthraquinone (1,2-dhATQ) on plants [10] . It was demonstrated that 1,2-dhATQ impedes photosynthetic electron transport at the cytochrome b 6 /f complex, thereby leading to the accumulation of a highly reduced plastoquinone pool. When copper is added under these conditions, catalytic electron transport to O 2 occurs, forming ROS [10] . Thus, metals and PAHs together have the ability to damage plants through the formation of ROS.
In response to the formation of ROS, plants stimulate their antioxidative defense mechanisms [13, 19, 20] . Among these defense mechanisms, induction of enzymes in antioxidant pathways occupies a prominent role. Different antioxidant systems are induced in plants to detoxify different types of ROS and assist plants in acclimating to oxidative stress conditions. For example, superoxide ( ) is detoxified by superoxide dis-·Ϫ O 2 mutase (SOD), hydrogen peroxide (H 2 O 2 ) is detoxified by ascorbate peroxidase (APX), and hydroxyl radical (
• OH) can be scavenged by glutathione (GSH) [4, 13, 19, 20] . Thus, upregulation of a particular antioxidant system in plants under stress may reveal the nature of ROS formed.
The goal of this study was to examine further the biochemical responses of the aquatic higher plant Lemna gibba when exposed to copper, 1,2-dhATQ, and a mixture of copper plus 1,2-dhATQ. This was assessed using plant growth, chlorophyll content, protein accumulation, and ROS production. Plants were grown for 8 d to assess growth and chlorophyll pigments. An * indicates significant difference of a treatment relative to the control (n ϭ 5, p Ͻ 0.05, analysis of variance, preplanned contrast using Tukey's test of significance).
We assayed for the activities of SOD, glutathione reductase (GR), and APX, all of which are involved in antioxidative pathways. We also measured the formation of ROS using dichlorofluorescein (DCF) fluorescence resulting from the oxidation of 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2 DCFDA) by ROS. Finally, we examined the effects of the exogenous ROS scavenger dimethyl thiourea (DMTU) on toxicity and ROS formation.
MATERIALS AND METHODS

Plant growth and chemical treatments
Lemna gibba L. G-3 was cultured axenically on halfstrength Hutner's nutrient medium under 100 mol m Ϫ2 s Ϫ1 of continuous cool-white fluorescent irradiation [3, 10] . For the chemical treatments, unless stated otherwise, plants were grown in nutrient medium supplemented with 4 M CuSO 4 , 3 M of 1,2-dhATQ, or a mixture of 4 M CuSO 4 ϩ 3 M 1,2-dhATQ. Copper (4 M) caused 7% inhibition of growth and 1,2-dhATQ (3 M) caused 35% inhibition of plant growth [10] . However, these concentrations of copper and 1,2-dhATQ, when combined, resulted in synergistic toxicity to L. gibba (Ͼ70% inhibition of growth) [10] (Fig. 1) . Note, the free concentration of copper in solution is much less than 4 M because the nutrient medium contains 7 M ethylenediaminetetraacetic acid [10] . The 1,2-dhATQ was added by 1,000-fold dilution of a stock solution in dimethylsulfoxide. Dimethylsulfoxide Յ 0.5% (v/v) does not affect growth or photosynthesis of L. gibba, nor does it alter PAH toxicity [3, 10, 15] . Nutrient medium for control and copper-treated plants contained 0.1% dimethylsulfoxide, equivalent to the dimethylsulfoxide used in the 1,2-dhATQ-treated plants. Copper was added to the nutrient medium by dilution from a stock solution of 1 mM of CuSO 4 
Whole organism toxicity
Lemna gibba fronds (2 plants) were placed in nutrient medium for 8 d under 100 mol m Ϫ2 s Ϫ1 photosynthetically active radiation [3, 10] Toxicity was assessed as growth (frond production) [10] . The medium with the chemicals was replenished by static renewal every 2 d. To monitor the effect of the ROS scavenger DMTU on the growth of L. gibba, plants were grown for 8 d in nutrient medium supplemented with 5 mM DMTU along with copper, 1,2-dhATQ, and the mixture as described above. Dimethyl thiourea is known to be an effective scavenger of hydroxyl radical (
• OH) and other ROS [21] . The DMTU was added to the media by dilution from a stock solution of 1 M of DMTU in RO H 2 O.
Chlorophyll assay
Following the whole-organism toxicity assays, L. gibba fronds (ϳ10 mg) were weighed to determine their fresh weight and placed in 1 ml of dimethylformamide at 4ЊC for 48 h to extract the pigments. Chlorophyll quantification in the dimethylformamide extracts was done according to Moran [22] . Chlorophyll a and b were determined on a fresh weight basis.
Protein synthesis
Lemna gibba was incubated for 4 h in nutrient medium supplemented with CuSO 4 , 1,2-dhATQ, and their mixture as above (this section). At the end of 4 h, two plants were transferred into 10 ml of new media containing their respective treatments and 50 Ci/ml of 35 [S] amino acid mixture consisting of methionine and cysteine (Trans 35 S-label, ICN Biochemicals, Irvine, CA, USA). Fronds were allowed to incorporate the radiolabeled amino acids for 2 h and then were washed three times with 10 ml of nutrient medium containing nonradioactive methionine and cysteine (each at 1 mM). Plants were frozen in liquid N 2 and stored at Ϫ80ЊC until further analysis. Plants were homogenized in 100 l of 100 mM TrisHCl (pH 7.5) and centrifuged at 3,000 g for 30 min to collect the supernatant. The protein profiles of the supernatant were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography [23] . Gel lanes were loaded on an equal protein basis (10 g/lane) [23] .
Measurement of ROS
Lemna gibba plants were treated as above for 8 d. At the end of 8 d, production of ROS in L. gibba was measured using DCF fluorescence (Molecular Probes, Eugene, OR, USA), as described previously [13] . After the 8-d treatments, plants were washed three times with 10 ml of nutrient medium and treated with 5 M of H 2 DCFDA in 1 ml of nutrient medium for 30 min at 25ЊC. Dichlorofluorescein fluorescence was measured within intact plants and the fluorescence was normalized to the fresh weight of the plants. The DCF fluorescence was measured using an excitation wavelength of 485 nm and an emission wavelength of 530 nm. All the fluorescence data were collected using a fluorescence plate reader (Cytofluor 2350, Millipore, Mississauga, ON, Canada).
Assays of superoxide dismutase, glutathione reductase, and ascorbate peroxidase
Lemna gibba plants were treated with copper, 1,2-dhATQ, and the mixture for 8 d as described above. Crude extracts of the tissue were prepared for the antioxidant enzyme assays according to Jansen et al. [24] . Two plants were homogenized at 4ЊC in 100 l of a buffer containing 0.1 M of potassium phosphate (pH 7.8), 10% glycerol, 1 mM ethylenediaminetetraacetic acid, and 0.2 mM of phenylmethylsulfonyl fluoride. The homogenate was centrifuged at 3,000 g, and the supernatant was stored at Ϫ70ЊC until further analysis. Superoxide 3032 Environ. Toxicol. Chem. 24, 2005 T.S. Babu et al.
Fig. 2. Protein synthesis in
Lemna gibba treated with copper and 1,2-dihydroxyanthraquinone (1,2-dhATQ). Plants were exposed for 4 h to copper, 1,2-dhATQ, or their mixture as in Figure 1 . Thereafter, plants were radiolabeled with 35 S[methionine ϩ cysteine] for 2 h to monitor protein synthesis. Soluble proteins (supernatant) were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography [30] . All gel lanes were loaded on an equal protein basis (10 g protein/lane). LSU and SSU ϭ large and small, respectively, subunits of ribulose bis-phosphate carboxylase.
dismutase, GR, and APX activities in the supernatants were assayed from all treatments on an equal protein basis. Plant protein concentrations, as determined with a Bradford reagent (Sigma Chemical, St. Louis, MO, USA), were approximately 5 g/l.
Superoxide dismutase activity was measured by nondenaturing polyacrylamide gel electrophoresis [25] . Thawed protein supernatants, loaded on an equal protein basis (20 g per lane), were electrophoresed on 10% polyacrylamide gels at 120 V for 3 h at 4ЊC. The gels then were incubated in the dark with 80 ml of RO water containing 16 mg of nitroblue tetrazolium (Sigma) for 20 min with gentle agitation. Gels were transferred to 80 ml of 0.05-M potassium phosphate buffer (pH 7.8) containing 1.0 mg of riboflavin (Sigma) and 100 l of N,N,NЈ,NЈ-tetramethylethylenediamine (Sigma). The gels were incubated in darkness with gentle agitation for 15 min. The gels were rinsed with 100 ml of distilled water, transferred into 100 ml of 0.05-M potassium buffer (pH 7.8) containing 15 mg of ethylenediaminetetraacetic acid, and exposed to light. The negative staining of the SOD isozymes by nitroblue terazolium was quantified by densitometry (Molecular Dynamics, Palo Alto, CA, USA). Identification of the SOD isozymes was done by inhibitor studies as described by Pan and Yau [26] .
Glutathione activity was measured spectrophotometrically as described by Smith et al. [27] . The assay medium (200 l) contained 100 mM of potassium phosphate buffer (pH 7.8), 1 mM of ethylenediaminetetraacetic acid, 3 mM of 5,5Ј-dithiobis-2-nitrobenzoic acid (Sigma), 2 mM of NADPH (Sigma), and supernatant containing 10 g of total protein. The reaction was started by adding 20 mM of oxidized glutathione (Sigma). Glutathione activity was measured spectrophotometrically (Perkin-Elmer, Norwalk, CT, USA) as a rise in absorbance at 412 nm due to the reduction of 5,5Ј-dithiobis-2-nitrobenzoic acid by GSH.
Ascorbate peroxidase activity was measured spectrophotometrically as described by Nakano and Asada [28, 29] . The assay medium (1 ml) contained 0.5 mM of ascorbic acid in 0.1 M of potassium phosphate buffer (pH 7.8) and the supernatant containing 100 g of total protein. The reaction was started by adding 0.1 mM of H 2 O 2 to the assay mixture. The APX activity was measured as the oxidation of ascorbic acid by following the decrease in absorbance at 290 nm with a spectrophotometer (Perkin-Elmer).
Statistical analysis
Statistical analysis was carried out, using SYSTAT (Systat Software, Point Richmond, CA, USA), by analysis of variance and Tukey's multiple range test of significance.
RESULTS
Toxic effects of copper and 1,2-dhATQ on L. gibba
Toxicity was assessed as inhibition of plant growth, changes in chlorophyll levels, and diminishment of protein synthesis. Copper at 4 M caused only approximately 7% inhibition of growth of L. gibba (Fig. 1) , alhtough 3 M of 1,2-dhATQ caused approximately 35% inhibition of growth of L. gibba (Fig. 1) . When these two compounds were combined, there was a synergistic inhibition of growth rate (ϳ70% inhibition) of L. gibba (Fig. 1) . Similar to growth inhibition, when copper was mixed with 1,2-dhATQ, there was an enhanced diminishment of chlorophyll content (Fig. 1) . It was observed that both chlorophyll a and chlorophyll b decreased by similar amounts to similar extents in plants treated with 1,2-dhATQ. Further, the mixture of copper plus 1,2-dhATQ caused a much greater diminishment in total chlorophyll than 1,2-dhATQ alone (Fig.  1) . These results indicated that the mixture of copper and 1,2-dhATQ resulted in enhanced toxicity to plants by affecting growth as well as the levels of chlorophyll pigments.
Copper alone did not have a major impact on protein synthesis in L. gibba (Fig. 2) . However, 1,2-dhATQ and the mixture of copper plus 1,2-dhATQ caused inhibition of protein synthesis (Fig. 2) . This is exemplified by inhibition of synthesis of the large subunit and the small subunit of the ribulose biphosphate carboxylase (rubisco). Rubisco is the key enzyme for photosynthetic CO 2 fixation in the Calvin cycle. As with inhibition of growth and loss of chlorophyll, the mixture had a more pronounced impact on protein synthesis than 1,2-dhATQ alone. Overall, these results indicated that, when copper was combined with 1,2-dhATQ, there was enhanced toxicity. Fig. 3 . Effect of copper and 1,2-dihydroxyanthraquinone (1,2-dhATQ) on the production of reactive oxygen species (ROS) in Lemna gibba. Plants were treated with copper, 1,2-dhATQ, or their mixture as in Figure 1 . Plants were grown for 8 d with or without 5 mM of dimethyl thiourea (DMTU). The ROS were detected by dichlorofluorescein (DCF) fluorescence. An * indicates significant difference of any treatment (with or without DMTU) relative to the control (n ϭ 3, p Ͻ 0.05, analysis of variance, preplanned contrast using Tukey's test of significance); a # indicates significant difference of a given treatment without DMTU relative to the same treatment with DMTU (n ϭ 3, p Ͻ 0.05, analysis of variance, preplanned contrast using Tukey's test of significance). Figure 1 . The SOD activity was measured by nondenaturing polyacrylamide gel electrophoresis as described in the Materials and Methods section. An * indicates significant difference of a treatment relative to the control (n ϭ 3, p Ͻ 0.05, analysis of variance, preplanned contrast using Tukey's test of significance). Figure 1 . Activities of glutathione reductase and ascorbate peroxidase were measured as described in the Materials and Methods section. An * indicates significant difference of a treatment relative to the control (n ϭ 3, p Ͻ 0.05, analysis of variance, preplanned contrast using Tukey's test of significance).
Formation of ROS
The compound H 2 DCFDA can be taken up by living tissue, and is oxidized by ROS to form a highly fluorescent compound, DCF [13] . The level of fluorescent compound formed is dependent on the amount of ROS present. Plants exposed to either copper or 1,2-dhATQ alone did not exhibit significant differences in the DCF fluorescence when compared to control plants (Fig. 3) . However, plants exposed to the mixture of copper and 1,2-dhATQ exhibited approximately a 75% increase in the DCF fluorescence (Fig. 3) . These results indicated that increased amounts of ROS are formed in plants grown in the presence of the mixture of copper plus 1,2-dhATQ.
Effects of copper and 1,2-dhATQ on SOD, GR, and APX activities
In L. gibba, we have identified three isoforms of SOD (Mn SOD, Cu-Zn SOD, and Fe SOD) based on their sensitivity to cyanide and/or H 2 O 2 [13, 26] . Copper and the mixture of copper plus 1,2-dhATQ treatments induced approximately a 150 to 200% increase in the amounts of Mn SOD and Cu-Zn SOD in L. gibba (Fig. 4) . However, the 1,2-dhATQ treatment alone did not cause significant changes in the amount of Cu-Zn SOD and Mn SOD (Fig. 4) . In contrast, Fe SOD decreased in all three treatments (Fig. 4) .
The antioxidant enzyme GR converts the oxidized form of glutathione into the reduced form of GSH. Glutathione is a broad spectrum ROS scavenger [20] . When plants were treated with either copper or 1,2-dhATQ, there were no significant changes in the activity of GR (Fig. 5) . However, when plants were treated with the mixture of copper plus 1,2-dhATQ, there was a large induction in GR activity (Fig. 5) .
Ascorbate peroxidase detoxifies the ROS H 2 O 2 to H 2 O and O 2 in plants [30] . Plants treated with copper alone exhibited a strong induction in the activity of APX (Fig. 5) . However, 1,2-dhATQ treatment did not affect the activity of APX significantly when compared to the untreated control plants (Fig.   5 ). Interestingly, in plants treated with the mixture of copper plus 1,2-dhATQ, APX activity decreased (Fig. 5) .
Effect of dimethyl thiourea on L. gibba treated with copper and 1,2-dhATQ
Dimethyl thiourea is a potent ROS scavenger and primarily targets
• OH [21] . Therefore, toxicity caused by copper, 1,2-dhATQ, and the mixture of copper plus 1,2-dhATQ was examined in the presence of exogenously added DMTU to determine if this alleviated toxicity. In the DMTU experiments, we monitored growth of L. gibba as a whole organism endpoint. Plants treated with either copper or 1,2-dhATQ did not 3034 Environ. Toxicol. Chem. 24, 2005 T.S. Babu et al. respond to the additional treatment with DMTU (Fig. 6) . However, the inhibition of growth by the mixture of copper plus 1,2-dhATQ significantly was diminished by the application of DMTU (Fig. 6) . Strikingly, growth recovered to the level of inhibition caused by 1,2-dhATQ alone. This indicated that the ROS scavenger DMTU suppressed the toxicity caused by the mixture. We also assessed whether DMTU could alleviate the formation of ROS in plants subjected to the mixture of copper and 1,2-dhATQ. This was measured by DCF fluorescence. Indeed, DMTU-treated plants exposed to the mixture of copper and 1,2-dhATQ had a much lower level of ROS than plants not treated with DMTU (Fig. 3) . These results demonstrated that the ROS scavenger DMTU concomitantly diminished toxicity and production of ROS in plants treated with the mixture of copper and 1,2-dhATQ.
DISCUSSION
Because of the presence of both metals and PAHs in contaminated environments, plants are vulnerable to any combined effects they might have. We have observed enhanced phytotoxicity from mixtures of copper and 1,2-dhATQ [10] . This is because copper and 1,2-dhATQ together can cause an ROS burst. In this study, we focused on ROS production and antioxidative responses in plants exposed to copper and 1,2-dhATQ. We observed that enhanced inhibition of the growth rate (ϳ70% inhibition) caused by the mixture of copper plus 1,2-dhATQ paralleled diminished chlorophyll levels in L. gibba. The diminishment of growth and chlorophyll content also was reflected by the lower level of protein synthesis in plants treated with the mixture of copper plus 1,2-dhATQ. Overall, these results indicated that, when a nontoxic concentration of copper was mixed with a moderately toxic concentration of 1,2-dhATQ, there was enhanced stress and toxicity to the plants.
With biochemical studies, environmental relevance is always difficult to judge. However, we note the base copper concentration in our studies is well below environmental limits. Also, the oxyPAHs concentrations are relevant. Given the pervasiveness of these contaminants in the environment at the concentrations used here, it is reasonable to assume that ROS are an important route by which contaminants impact on the biosphere. We showed previously that when copper was mixed with 1,2-dhATQ, there was an enhanced catalytic transfer of electrons to molecular oxygen [10] . Through such a mechanism, superoxide can be generated by the reduction of molecular [4, 9, 10] that can be reduced further, leading to the formation of hydrogen peroxide and hydroxyl radicals ( Fig. 7) . Thus, the decrease in growth, chlorophyll content, and protein synthesis by the mixture of copper plus 1,2-dhATQ might be due to the action of ROS.
A variety of scavenging mechanisms are induced in plants to detoxify ROS [19, 20, 24, 30] . Superoxide dismutase is an example of an antioxidant enzyme induced in plants under
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•Ϫ O 2 copper or the mixture of copper plus 1,2-dhATQ induced an increase in Cu-Zn SOD and Mn SOD. Thus, this induction might be attributed to an antioxidant response in plants treated with either copper or the mixture of copper plus 1,2-dhATQ (Fig. 7) . However, plants treated with 1,2-dhATQ did not show significant induction of Cu-Zn SOD or Mn SOD. Because reduction of molecular oxygen was much higher in the mixture treatment than in the copper treatment alone [10, 32] , though both sets of plants maintained similar amounts of SOD, it is likely that the extent of accumulation of is higher in the
O 2 mixture treatment (Fig. 7) .
We have shown that, when copper is combined with ultraviolet (both of which can promote ROS formation), SOD levels are elevated above that found with copper alone [13] . This indicates that plants actually could produce more SOD in the presence of copper and 1,2-dhATQ. Indeed, for the mixture treatment, the ratio of SOD synthesis to total protein synthesis would be high, although this is not reflected in net SOD accumulation putatively because total protein synthesis is repressed ( Figs. 2 and 4 ). Because growth, chlorophyll pigments, and protein synthesis were not affected significantly by copper treatment alone, it may be speculated that the large induction of Mn SOD and Cu-Zn SOD by copper-protected plants against the harmful effects of . Conversely, decreased
•Ϫ O 2 growth, chlorophyll levels, and protein synthesis reflected the elevated stress of the mixture. This incompetence may be attributed in part to the formation of higher amounts of in
O 2 the mixture treatment, such that the amounts of induced CuZn SOD and Mn SOD were not sufficient to counteract (Fig. 7) . The higher levels of ROS detected by DCF fluorescence (Fig. 3 ) support this theory.
In contrast to copper or copper plus 1,2-dhATQ treatments, plants treated with 1,2-dhATQ alone did not exhibit reduction of molecular oxygen [10] . However, it should be noted that 1,2-dhATQ inhibits the cytochrome b 6 /f complex, causing an accumulation of a highly reduced pool of plastoquinone (Fig.  7) . The reduced pool of plastoquinone is a source of readily accessible electrons and, thus, has a high potential for the generation of ROS. Because 1,2-dhATQ caused neither apparent reduction of molecular oxygen [10] nor ROS production (Fig. 3) , it appears most likely that the mechanism of toxic action of 1,2-dhATQ is distinct from that of the mixture (Fig.  7) .
One can consider that the toxicity of the mixture of copper plus 1,2-dhATQ is due to ROS formation including (
•Ϫ O 2 7). Glutathione is a nonenzymatic antioxidant known to counteract various ROS-mediated processes [20, 30, 33] . Therefore, we assayed for GR activity, which is needed to recycle oxidized glutathione into the free-radical scavenger GSH. Activity of GR was enhanced dramatically in plants treated with the mixture of copper plus 1,2-dhATQ, indicating a possible acclimation process against the toxic effects caused by the mixture. However, this induction of GR by the mixture was not sufficient to fully prevent damage. Also, the lack of significant induction of GR in plants treated with copper alone did not make them susceptible to toxicity. Thus, GR may signify an acclimation response in plants that are under greater ROS stress, as was the case with the mixture (Figs. 3 and 7) . However, by the same reasoning, the acclimation was not sufficient to alleviate stress.
The induction of SOD, particularly in the copper plus 1,2-dhATQ treatments, may suggest that generated in these
plants is converted to H 2 O 2 by the action of SOD. However, H 2 O 2 also is a toxic ROS and can diffuse freely in living cells [29] . Plants can detoxify H 2 O 2 enzymatically using APX [29] . It was observed that plants treated with copper exhibited significant induction of APX activity, whereas plants treated with 1,2-dhATQ did not exhibit significant changes. Interestingly, copper treatment alone (at 4 M) did not cause measurable deleterious effects on plants, and ROS did not accumulate in these plants (Fig. 3) . Perhaps the levels of induction of SOD and APX in the copper treatment were sufficient to detoxify essentially all of the ROS formed (Fig. 7) . In contrast, the induction of Cu-Zn SOD and Mn SOD and the suppression of APX activity in plants treated with the mixture of copper plus 1,2-dhATQ indicated that these plants might be at risk due to accumulation of H 2 O 2 . If H 2 O 2 did accumulate due to the suppression of APX, then copper in the mixture could interact with H 2 O 2 in a Fenton-type reaction to generate highly toxic • OH [4] (Fig. 7) . Indeed, the absence of APX induction actually may reflect a scenario where there is a low steady-state concentration of H 2 O 2 , due to its rapid reduction to
• OH and H 2 O when Cu ϩ1 is generated in large amounts. This would occur in the mixture (Fig. 7) . Strikingly, GR activity is upregulated in the mixture, and GSH is an excellent scavenger of • OH [19] . Plants treated with the ROS scavenger DMTU overcame the enhanced toxicity caused by the mixture of copper plus 1,2-dhATQ. Because DMTU is a scavenger for both H 2 O 2 and
• OH, it is logical that DMTU alleviates toxicity and diminishes the ROS levels that result from the mixture. Thus, these results strongly suggest that production of H 2 O 2 and/or
• OH is the most probable explanation for the enhanced toxicity of copper plus 1,2-dhATQ (Fig. 7) . We suggest that copper alone only causes a modest increase in ROS and that 1,2-dhATQ alone does not lead to elevated ROS. However, the mixture of the two can lead to a physiologically damaging ROS burst (Fig.  7) .
The results of this study indicate that there are distinctly different antioxidant responses in plants treated with copper, 1,2-dhATQ, or a mixture of copper plus 1,2-dhATQ. The antioxidant capacities of the plants allowed them to acclimate to copper while they capitulated to the mixture. The differential antioxidant responses to specific chemical treatments also suggest that the formation of ROS can vary greatly. Moreover, it is possible that ROS actually signal the antioxidant responses. Indeed, we have observed this type of signaling with copper and ultraviolet-B radiation [13] as well as copper alone [34] . However, the ROS responses were different when copper was present alone or in a mixture with 1,2-dhATQ. Therefore, although ROS seem to be involved in toxicity, the responses are complex and cannot be attributed to a single ROS.
